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A Study of the hechanism of Scabbing of Steel
Plates by Exprlosive Attack,

RoP.#ilkinson and B, ds L, Costello

Sumenry

Plates of r.ild steel have besn subjected to attack by cylinders of
plastic explosive und the dimensions of the resulting craters and scabs have
been determined, The tiwe of arrival of the detomtion wave &t one surface,
and the displacement-time curve over the first 0,2 in, for the other surfroe,
have also been found, From the measurements the variation of pressure at
the shock front with distance travelled through the steel has been determined,
and wvalues for the shook wave velocity at different rressures havs been
obtained, The results are in substantial agreemont with those predictsd
theoretically, Previcus work relevant to the subject has been swamined cnd
the warious Cactors influerncing the soabbing phenomenor have been dismussed,
In the litht of both this lascusgion and the results of the rrezent work,
the dependance of the shaps of thn stress wave on the charge dimensions and
the distance travelled has been mualitatively determined; the effect of both

charge and ;:late diensions on the dimensions of tho scab Cormed ims been
aooounted for,
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1. Introduction

It 45 well known thet, when & slsb of explosive is dsicnated in oontest
with a steel plate, the murfaos of the plate remote from the explosive is
sosbbed; that is, & fracturs ocours near to the free surface paraliel with
the surface end a picos of metal mmy be detached. In this country the temm
scabbing is restricted to those osses whare the piece of metal is sotually
detaohed, but in the United States the term alsc inaoludes those csses in
widoh only the fracturs parallel to the surfaoe ocours.

This effect has besan mads use of in the squash-bead projectile designad
far the defest of tank arwour. This weapom oonsists of » relatively thin-
nosed shell filled wiih plastic explosive ar RIK-wax and bass-fused. On
impect with the target the noss of the ahell callapses and the explosive
flows into & siab of disceter grester than that of the ariginal shsll. 4t
s suitadble instant the fuse lmitistes the explosive from behind, 4 large
nmber of firing trials have besn carried dut in this country (1, 2) and
also in the Unitsd 3tates and s 1ot of rather exmpiriosl inforustion has
been calleoctsd together cuncerning the explosive and sosb dimensdions.

The work described in this report wes undertaken in an attempt to
thros sase light on the basic mechanims of the sosbbing prooass. A mors
somplsts undorstending of this mey enabls improvements to be wmads in the
weapon O, st lsast, snable the limitations of the wespoan to be appreaiated,
In the work oylindricsl oherges of plastic explosive wers detonsted in
contaot with mild steel plate end stiempts were meds to ssasure the sosd
disnaions, the shook wave velocity through the plats, and the displacemsnt-
tizms curve of the fres surflsoe.

e Beview of Previcus Wark

The effeot of the tranmission of a trensient ooupressional wave
through metsl was first studied by Hopkinson {3}) and later by Landon (&)
and Devies (5). Hopcinson studied the effect produced by the impaot of
s bullet on & aylindricel steel bar by e wethod which is atill extenaively
used. Consider a oylinder of zaterial dividel into two paris, 4 and B
(fig. ts), and subjected to & pressure pulse as shown, Jhan the
ompression wave resches the free surface it is reflected as & tension
wave of equal megnttude (fig. 1b) in order to setisfy the boundary
oconditiona t'mt the gressure at the free surfaoc should reasin unchanged.
#hen the reflected tension wave resches the boundary of the pieces, x ~ x,
the Joint has no strengih in tenmion and the two parts fly apert. If the
tudckness of B is greatar than half the wavelength of the pulse, all the
mcmentuns will be trapped in it and this will bes eqgual to the ares under the
stiress~time ourve. If the thickness of B is less than helf the wavelength,
the pamntud trapped in it is equal to: -

R 4
M= j° o) dt

where o(t) = stress at tize ¢
T = time for weve 10 travel twioe the thickness of 4,

By warying tho thioiowss of B and sessuring its aoxmontua, & stress-tine
ourve oan be construatad.

The mschenims of sondbing is olserly wery aixtlar to tlds. If we
oonsider s ompressional wave with an instentanecus vise times and ¢ gradusl
deony, produoed oy deioneting explosive, transaitted into s steel plate, {t
will be reflected from thw frae surfsor o2 4 Sanxion weve, ss dssarided sbove
and shomn in fig. 2. The unbroben line rapresents the rasultsnt stress
pattern after refleotion. Zleariy, with inarsssing time the resultant tensiie
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stress {ab) moves furtber into the plate and increases in smplituds. When
the waplitude (ab) beocouss equal to ths dymamic tanaile streagth of the
mterisl, Ip, fresoture cocurs. It is important to note that fracture
ooours st a distance from the maxrfaos, 8, equal to cne balf the distance
within the stress wave oorresponding to a fall in stress equal to the
tensile strength. Henoe soad thicknosa is & direct indicetion of the

rats of deorease of stress behind the wave front and is independent of the
beight of the front, provided that the streas ia large enough to osuse
soabding.

Rinehart (6) hes reportsd & series of experiments in whioh he used a
Hopkinson techmique to study the ahape of the stress pulse applied to
steel platea by aylinders of explosive, He used oylinders of explosive
1 in., dismeter and 2 ins. long, plsoced on ateel plates 1.5 to ) ins, thiok.
Small pelleta of staal 1/16 to 3/4 in. thiok wers ssuak to the fres fNse on
tho oxis of the charge and their veslocitiss messured, Witk this data, snd
saswaing s oonstant wave velocity to the elastic wave velocity (V,),
s stress-tine ourve was caloulsted (fig. 3) from the oquation

T = pv.'
whore » = density
' v = velocity

It should be remesbored that all the plstes used wers too thiok %o
allow the somb to datsch snd that in many oases the wave amplitude is only
alightly greater then the ylsld stress, It will be seen below that it
would grobably be better to use a velocity rathor lower than she elestic
velocity. Pig. 3 shows olearly that tbhe smplitude of the wave-frout
decreases rapidly with plate thdokneas, but that the later stress inaremsnts
toand to becows larger. Hinehart suggests thet energy may be fed from the
frant of the wave to the back if different parta of the wave are iranmaitted
with differont velocities. It was found that a 1.5 in. steel plate gave
s s0sb O.14% ins. thiock and thet 2 and 2.5 in. plates gavs craocks 0.17 and
0.25 ins. from the aurfacs, while 3 in. plates showed no oracks. Using
this data, sttomptia were meds to asloulate the aritioal fruatu.fo atross;
the results wars rather variesd but were between 1 and 1.5 x 10 0 dymw’anz.

In another psper (7) Rinehert has studisd the dimensions of the orater
produced at the explosive motsl interface and also the metsllurgioal
propertiss of the stteoked stesl. Charges Z ina. long were fired sgainst
stoel platen. It was found that fumedistely beneath the crater, whioh was
spproxinetely oconiocel in shape, tbere was a region of wsry severe cold-
working, tbe valiee of whioh incressed ss the volume of tbe orater.

Sone dimenaions are shomn in Table I below,

e v

Table 1

Dis. of |Depth of | 1rtal oone | Thicknsss of Voluwe of [Volums of oold-
ohsarge | orater angle aald~-worked Crater |worksd region
(ins.) | (ins.) (deg.) | regin (sns,) , {sn.3) (1a.3)

0.5 0.059 152 0.157 0.002 0,032

1.0 c.138 156 0.258 0,073 0.23

1.5 0.216 159 0.3% 0.162 0. T84

2,8 .27 161 Ou 39 2.51. 0.67

The stape of the creter aey thror same light on the streas distribution
soross the sxplomive-metal interfaocs, slthough the preaise qusntitative
relation is not known, Toe depth of the orster is most likely to be
deternined by the total iagulse, altbough tiw sheps of the stress-tize ocurve
is prodebly impartant.




Rookwill bardness messuremsnts wers made on asotiomed
of egial berdness were plotsed. 4 typiocal axample is
bighly worked region beneath was muob barder than the rest

of the wricus regions were also ahown; ¢
the highly woriced region aontained many shook twina.

Bill (20) bes reported the results of a large mmber of static firings
against srmour plate; bo studied obarges 2-5 ins. long and sarmour 4, 6 and
8 tns. siiok, The following conclusions were reachedi-

(1) Por & soad to be farmed & ariticsl srea of explosive-metal interface
mst be sxoesded for a given plats thiokness.

(2) The sosb weight is independent of cherge shape and the thicikmess
and bardfess of the srmour,

(3) The sosb weight in lba. = 0,046 (obarge area, in2)':5,
() Bosd area s 1.5 x charge oontect srea.

1

{5) Sosab thickness « 0.096 x oharge oontact diameter.
(6) M%.o% srmour thiokiueas for no sosbbing = 1.4 (ohargs contact
&amster)Ve O,

This work oovered s fairly lsrgs range of charge parsmsters and the above
sxpressions axe no doudt spproximatsly true, but the sostter of puints on the
grephs is very omaiderdble in sase csses., Our results do not sltogetber
agres with these empiricel squations, although it must be remembered that the
resulss are for armour plate, wheresas our sxperiments are with mild stesl.

PVIR (8) have done acws statio Sests of oylindrical charges of plastic
axplosive against armour plate. They found the retio of aritiocal plate
shioknese to oharge oomtaot dissster far soabbing to ocoour was 1.06 for
plates 0.5 in. to 1.75 ins. thiok. Hill's experiments showed that this
factor inocreassd to about 1.25 far 8 in. plates. PVIE desaribed the generul
appearance of all the scebs. The depths of the araters farmed by the
sxpioaive agreed guite clossly with Rinehert's results reproduced above which
were for mild steel,

Before disocusaing the work on tbe mechanism of the sosbbing proosss, it
will be useful o mention briefly the varicus waves that can bes propagated
through maserials. V¥When a wire or relstively tiin rod is subjeoted to an
impect of relatively mmall megnituds, so thet the elsstic limit of the
material is not exosedsd, & longitudinel wave is propagated slong it with
velocdty:

va.(} 2
wbore E « Young's Modalus
o = dansity of the material

In an extendsd solid, bhowever, lstersl strains are prevented ao that
latersl stressss are sst up and it cen be shown that the propegation velocity
is given by an equation containing sny two of the oonstants, Young's Modulus,
buik modulus, rigidity modilus, and Polasson's ratio. 4 oconvenient sguation
i

RS 4 i
".('§'Wv
wiere K = bulk modulus
v = Paisaon's ratio

.,»
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-~ Using the following dets for mild stesl

K = 16,7 x 10!

p = 7.83 ‘-/m)
‘i‘ Ve OOm

it is found that V4 « 5950 m./m80. A wvalue very close to this hes been
obtained by Peok, Bvans and James (9) under conditions very similar to ihose

used in the present work. Hughes et al (10) bave quoted 5880 m./sec. and
Pay and Yortier (11) 5950 m./sec.

When the yield value of the material is axocedsd, as in aclids et
higher stresses or in liquids st all stressss, the propagation velocity (Vp)
is dstermined only by the density and bulk modulus by the equation

Vo » (%)* - -~

Using the seme dets as sbove for mild steel, ¥p is found to be 4620 m./sec;
it should, bowever, be noted that this wvalue will only be found for

relatively low stresses, sinos at ligher strosses X and p will both taks on
diffarent values.

It is only posaible to obtain & oamplete pioture of the wave propagstion
in s salid if & oomplete stress-strein Magrex of the material is available;

mst also represent the relaticoship at the appropriate rate zf strain
and oot under the ususl statioc oonditions. Suoch camplete infarmation far
the type of probies under oconsiderstion is never anuab}o. The stresacs
invalved in e detoomtion wave are of the order of 2 x 101! dqu/%. .
Bridgma's (12, 13) deta on oompresaibility go up to about 2 x 10'0 dynea/cn. 2
80 that drsstio extrapolations axre necessary, and, in any oase, it has been
shomn that boih ommpressibility and yield valus are functions of rste of
strain., No experimsntal techrique other than the use of sxplosivea oan
.WV these presmaes sufficiently rspidly, i.e. in {imes of less than
10~{ sacs. Bridgman's data on the comprossibility of steel up to 2 x 1010
dymoe/an.2 are repressntsd by an squation of the type:-

E

-%.Ap—spz

where AV & Volume change
Vo = Initial volums

p = Applied prossure
A® 599X 1013
B = 0.6 x 107

Peck, Bvens and Jmoes (9) used sn squstion dsveloped an thsaretiosl
grounds ssmming thet the pressire inoresses exponmentislly with interstanio

& stance
P u{mp(‘l-_:_g)-t}/(_?f_)'/,

in whiob « and £ are caloulsted from Bridgman's ushiml dats at lower
pressures. The values used were & = 120,16 x 1010 dynea/an.® and 8 « 4.20)
for mild steel. The preasure-density deta cbtaiped from thsse two squations
are shosn in Table II bdelow,

¢
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Zable IT
rw‘w‘m“a—:—ajﬂzmvo“—-'. it A —— - AN 2ot it mw
P, (WQ/‘G-E) (8./om.”)
(armes/an. %) Bridgmn Paok Bridgman Peck
T PRSI S, [SUS} SENEPNIPESPSSAPU SN USSR SUBSRpIPIP |
) 1,67 x 1012 1,67 x 1012 7.83 7.83
1.1 x 1ot 1.90 * 1.86 = 8.30 8.31
20 * 211 R 8.6¢ 8.68
30 ¢ 2.4 ® 217 ¢ 8.92 9.07

The typs of wave sssociated with the propagation of a finite atress into
a motal has been studied sxtenaively by von Xarman (14) and others for fairly
high rates of strain but much lower than those ssscoiated with exploaives.
The form of the wave was deduoad from the statio stress-strain ourve and was
shom to oonadst of two parts; firstly s wave of elastio deformation of
magnitude aqual to the dynesic yield stress of the meterial is propagsted with
the wvelocity ¥V, discuseed above, and poocndly a wave of plastio defarmation
propagated with s lower velocity osmloulated from the slops of the stress-
strain ourvs at the partioular stress. It scems ocertain that the wave of
plastio deformation davelops into a shock wave with a steep front ainoe
Table II sbove shows that the bulk modulus increases with pressure, so that
hkigher stresses are propagsted with ever-inoreasing veloaity. Quite clearly,
interatomio forces will reduce comprossibility at the very high strosses
associated with detonation waves,

The shook wave wvelooiiy #nd assouisted partiale velocity ocan be
oalonlated from the squations of oontinuity and momentum asccording to the
original method of Rankine and Hugoniot

AU-u) = 2, U (continuity)

P = 5y Uu (momentun)
whare initial denaity
final density
shook wave velocity
particle welooity

fo

[
]
u
p = proessgure Jump at shook front

Sinos p osn be obtained as a function of ¢ from the sbove equations, U
oan be obtainsd as a function of p. The relationship is shown in Table IIX
belos and in m. Se

Teble II
P, U
(4ynes/oa. <) (m./080.)
5 x 10!t 4650
10 . LBOO
5 ¢ 4330
20 . 5050
25 * 5160
30 . 5260
-5



RUNNIIEN

Sincs our knowledge of tom dynamic stresa-strain relationship is so
scanty, it is diffioult to prediot tiw shapo of the strese-displacement curve
between the two discontinuities. It is assuowd that the ourve is of the
form shosn in £ig. 6.  Tho atatio ylald stresa ocan be taken to be about
7.7 x 109 &ynea/om.2 and there is sams svidence (62 that the o yield
stress (Ip) is rether higher and posaibly about 10'Q dynss/ma.<.

It bes been pointed out sbove that the abspe of the stress-time curve
in ths steel is of prioary imgartsnce in dstermining the charaoteristios of
the sosd formed. The shape is dotvermined by two factors: firstly tbhe
shepe of the pressure-tinme curve in the detonation zone, and seoondly the way
in which this i35 modified by the steel, The informstion on ths shape of the
presmuro-time ourve is rether acanty. It osn be amsmumed that the riase to
the peek pressure is ossortially inatantaneous and the usually acoepted
figures are for TNT 1.49 x 10'1 and for plastioc explosive 1.63 x 1011

dynea/am. 2 (15).

K11l and Peck (16) bave investigated tbe problem of the expension of
gsoes betind » detorsiing alab of explosive, They considesred the two~
dosnsionsl osse of & alsb of T.N.T, of infinite length and breadth but
2.0 ous. wide and obtained wvaluea for the pressure as a fumtion of distanoe
behind the detonation front st various distances fras the axis of symmetry.
In partioular, they found toat the pressure bad fallen to about cne-ienth of
its initial value in a distence behind the detonation front equal %o the
oharge width, so that charges of lengtha greater than this can be regarded
ss sfleotively infinite; iheir results are shown graphiocally in fig. 7, in
whioh the figures on the curves indigato the distance in oms. from the charge
axis in sech cese, The difforenoe bLetwesn this cese and that of an infinite
aylinder of explosive, to which our charges usually spproximete, lies in the
introduction of a third dimensiocn, However, the problem is ihen symmetriosl
in the plane st right sngles to the charge axis, and we sbould expeot the
sbape of tiw pressure-distance ourves to be muoh the ssme as thosse of the
two-dmensional osae., The masin Hfference must be that tha pressure falls
off mors rapidly with distance from the axis., At leest we have & Jualitative
picture of the veriation with time of the pressurs at the sxplosive-atesl
interfaoe; we sxpect the stress propegated into the steel to be of the sane
fora but modified in magnitude by the boundary oonditions.

If we knww the exaol stress-time rolationahip of the pulse incident on
the metal surfsoe, wo oould, in fect, molve the problem of the propagation
of the strese through the steel, samuming the case to bes ons-dimensional snd
provided that we had also s ocumplete xnowlsdge of the drnamic stress-strain
curve snd neglected sll sttenuation effects. Charlton (17) has carried out
an analysis of this neturs for the plane-wave omse, In thia analysis
Chorlton used the method of charactsrisiics dus to Bohoenbluat (18) and
determined the stress-tiams pattern in a laterally infinite plate subject on
e faos to & stress pulse of twe different hypotheticel types; the first
ses & finite pulse of oconstant stress and inatantansous deoay, and the
seoond a Tinite puise of vonstant streas which deosyed exponentially, e
olsc sssumed an idealised stress-sirsin curve of the type ahown in fig, 3
snd postulated various types of atternuation of the plastic wave which seem
physicelly unlikely., In view of the assumptioos made it is not surprising
that the results obtained are in poar sgreemsnt with experimemt. Sven if
the assumpiions nsoessery could be sllowed, the problsm when extended to
aore then one dimsnsion becomes ssthematioally intractable.

After intersction with the stesl surfsoo it has beon shown (9) that the
initial pressure in the steel is sbout 2.83 x 10'1 aymws/a..2.  The best
ssmmption thet can be made at present is that the shaps of the stress-time
ourve is ualitatively sumilar to thet obtained for TNT by Hill and Pack (16).
Mearly, in the onss of the threo-dimsnsiomal problem, it will be extresmly
A rPficuls to solve guantitatively the probles of the sbmpe of the stross-time
ourve after travelling o given dstance into the atesl.
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It seoms thet the staps will be modified by three effoctai-

&) lstersl sxpsosion of the weve in the steel
b} attemuation by unloading weves from behind
o) reduction in smplitude due to work doue.

Ia with the propagstion of unlosding waves it is usially asmmed,
¢.g3. Oborlsan {19), thas they bebave as elastic waves and so tend to overtake
the shook wave sasoaisted with plastio deformation. It oan be sedn from
215, 6 that, ainos permansnt defcrwation is imvolved, an unlosding wave must
travel faster than the shock~front, altbough it may not resch the elastio
wave valoaity and may not Leve the ssms welcoisy for all valnes of the stress.
A3 the slastio weve catohes up the shook wave attemation must take plaoce,

e Meth

The sxperimmtal oblective was to datermine how the fallowing quantities
vary with oharge dimsnaions snd plate thickness when oylindriocsl cbarges of
plastio sxplosive are fired against steal plates:-

(1) Toe veloctity of she plastio wars (iu this omse a shock-wave) through
toe stasl,

{(2) The welocity of the back surfaoce of the plate and its variation
with distancs over distances up to approcimately 0.5 in.

(3) The shape snd dimensions of the aced formed and other dammge to the
plate,

3.1 Ie g Teohnd

The sassntisl requirement in this type of work is an instrussnt
cepable of messuring sxtremely short-time intervals over a period of
sbaut A0 microseccnds to within 0,01 microssconds, Bven the best of
the omventional linesr sweep osoillograpbs give traces which are not
ospable of such high resclution, The spiral-tracs ocscillogrspb,
recently developed in A.R.E , bas besn found to be pertioularly suited
to the exsoting requiresonts of this work and bas been used throughout.
In this oscillograph two sine-waves of identiosl freguenoy, but 90° out
of phase, are applied sisultenscualy to the X and Y plates. The
smplitude of the oscillation is stesdily dooressed, at the ssae time as
the beam brightsning pulse is applied, thus producing a spiral traoe
starting from the edge of the Wube and moving inwards. In tbe partioular
instrusent used, the time por revalution was 2 mioroseconds and the
mmber of revalutions about 20, The ocentrs of the spiral does not lend
itself to ssay msasurement , but there is no Afficulty in messuring up
o 30 miorossoonds to ¢ 0,01 microsscands. In our experimsuts the
manrement of time intervals 4id not beoass a limiting fackor. A
seocnd advantage of the spiral traoe is the greater ssse with whioch
records osn be messured caspared with s lineer ome; by projecting an
image of the trece on $o0 & oiroulsr socale graduated in 200 divisions
sach representing 0.01 mioroseocnds, any imtervel on it can be read off
directly. 7Tb» specially designed single shot osmera employed for
recording Sraces incorporeted a Wray 2 in. £/1.0 lsus and used standerd
35 rm. film. Ilford 5G 9% film developed for 5 mimates at 209, in
I.5 33 save setisfsotory results.

As in other methods of elsctronio time recording, the partioular
evenis Lo be recorded must be omwerted into sleotromic pulses, whioh
are then maitsbly injected into tbe reocding instrument, The pulscs
wore cbtained by using ss evants ths cloging of sleotricel cirouits
oontaining resistance snd ompecity. The type of ciroudt used is
shomn dlsgrommetioelly in $ig. 9.  Values of O = 300 pf and By = 100 otaa
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gave pulees of suitsble durstion. By is & high resistancs (1 megotm)
and the D.G. valtege is suitably & 300 valts, its sign determining the
gn of the pulse developed. O ia charged through By by the 300 valts
sipply and thereaftor no owrrent fiows, On closing the gap (8) ocoe
plite of C 13 sarthed and a bigh frequency pulse is developed in the
R~ 0 drouis. The pules is tranmdtted $0 the recording instrument
by £ omxial ocsble (A). It is necessary to torminate A at the oscillo-
g:p:‘bbi: 100 ctm resistance to sarth, $o provent pulse reflection in

The puless prodioed in this way are injeoted into aither the grid
@ nsthode of the omthode-ray tude and appsar on the trace sas short
lengths of besem~brightening or muppression, aococrding to their original
sign snd their paint of appiication to the osaillograph. It is
oonvenisnt t0 produce a sequences of evants alternately positive and
negative 30 ss to havo a means of partially identifying ocsaillograph
ovents with sotual events.

Ths oscillograph is triggered by a larger positive pulas
(82 = 100 otsas, G = 0.03 47), about 2 microstoonds prior to the first
event, This simdtaneously trizgers the sweop and producss bosm
brightening. The orversll delay in triggering is sbout 0.2 miarossconds,
A typicel trace iz zham in Flate 1.

3+2 2The Charges

Ttw oarges oousisted of rolled paper gylindars filled with plastioc
explosive by hend-stemming; no. 8 Brisks dstonators were inserted about
{ in. into the end of the charge and held in plaoce symmtrically by means
of & well-made wood blook. The obarges were fired horisontelly and
wore hald in oontact with ons of the machined surfaces of the atesl
plates sither by supporting on V-blooks or by moans of Durofix,

Tho steel plates used were of mild steel and had properties shown in
Table IV below.

Tabla IV
ot L9 Avalysis
Blement Flate Bar
o} (¢ ¥ 0.t
8 G, Ok 0,07
Ma OsbB 0. 64
Xi .05 0.19
o 00 Ok 0,05
0.0 0. 01

Losd Plate Bar

30 Kg. 127 126

It was found that the varistico in properties &id not approciably
affeot the resalts obtaimed. The plates ware all square and meotdimd
to give srfeces flad to betSer than 0,001 ins. 7Tho dimsnsians of the
plates vere veried sith the &anster of the obarge to maintain an
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sffectively infinite plase, us sbowmn in Tabls ¥ balow.

Table V
[ Obarge Disseter | Fiate Dimensions
(ins.) (ins. )
1 b
2 6
3 12

The oambinations of obarge dimensions and plate thicknesses are

shom in Teble VI.

Table
*- —
Length Charge Dismeter
ina.) (ins.)
1 2 3
1 1 4in, 1 in,
2 ins.
1.5 1 4in. 1 in.
2 ins.
2 1 in. 0.2 in, 1 in.
0.3 in. 2 ins,
1 4in, 3 ins.
2 ins,
3 1 in. 1 in.
2 ins.
| S —
& 1 in. 1 4n, 1 4in.
2 ins, 2 ine.
8 2 ins.
3 ios,

3.3 Zhe RBvent Syatems

Three types of event were required:-
(1) ZTbe Trigger Event

This oonmaisted of a G.B. bead, whiob is essentially a peir of
insulated oopper wires twisted togethar and mounted in plestio so
thas the bare ends of the wire are alose together and flush with
the plastic surface witbout actually being in electrioal oomtact.
As $hs detonation wave, whioh conteins ionised gases, passes the
dstector, the wires sre sffeotiwwly short-airouited and thus produce
a pulse to trigger the oscillograph. The detector was inssrted
into the oharge shrough & hale in the paper tubs at & distance from
the steel plate to give the oarrect delay.

(14) Toe Wire Rwent
The srrivel of the detonaiion wave et the surfsos of the plate

was detected by plaaing s length of enemelled wire between She
sxplosive snd the plste. On arrivel of the dstanstion wave st
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the plate the wire mas short-cirouited to the plate whioh waa
sartied, The event comsiomlly ococurr=d prematursly or was nissed
sltogether; this was attributed to gas Jets betwsan ths explosive
and the paper tube, The &iffioculiy was oliminated by covering the
wire osar the edges of the cbarge with plasticens.

(111) The Probe Bvents

The movement of the face of the steel plate was fallowsd by
mwsns of wire probes situsted at veriocus distanoces from the plate,
Two srts of Aistanoss wers gonerally used as follows;:.

(a) 2, 5, 10, 15, 20 and 25 thousandths of an inch.
(b} 2, 25, 50, 100, 150 and 200 thoussndths of an inoch,

The probes ounsisted of short lengths of about 0.5 in. of
R2-gauge copper wire aoldered into haoles drilled axially into 6 Ba
brass sarews. The sorews weres mounted on Tufnal sheeta in hales
tapped at an angle of about 70° to the surface, so that the ends of
the wires formed a smel) oirals about 0.3 in. in dlamster around
the axis of the charge. The distances of the probes from the
plate wers soourately adjusted by mesns of feeler gauges and they
wore then secured in position by mesns of look muts., Raoh probe
forswd part of an event ocirouit, the steel plate acting ss a commm
earth, so thet as the steel plats touched each probe a pulse was
Foduosd on the oacillograph., The system ia shown ddagresmatiocally
in fig. 10 and & typicel charge is shosn in Flate II.

Wikh the 3 in. charges mwe information wes obtained by uaing
three rings of probes instead of one, to inveatigaie the various
velooities as a funotion of distance from oharge axis. In this
osse the probes were sll normel to the surfscs of the Tufnol plate
and the rings hed rsdii of 0.25, 0.75 and 1.25 ins. Baob ring
was oonoscted to a ssparate oscillograph. The wire svent was
replsced by three seperate wires, ans along a diameter of the
cohearge and the otber two parallel to the firat but, respesotively,
0.75 snd 1.25 ins. from it. The trigger event was used to trigger
all shres oscillogrsphs. Oompliostions arose with the normel
aircuits beosuse the common earth system end close praximity of
leads omused sll the pulass to appear cn all the oscillographs.
Each ses of events had s separsate event box, each being isalated
from the otbers and the earth paints in each being oconmeoted to the
real eerth point through s high resistance. All tbe boxes bad a
aympetrionl construotion. 4 sepsrate earth $o the plate was used
with esch set of events and all the lseds of one set were twistad
together. The three wire events were applied to the grids of the
tubes of all thres osoillogrsphs to allow time synohronization,

The pulses from sach ring of probes were applied to the osthode of ¢
sach sube, Probs distanoes of 2, 10, 25, 50, 200 and 400

thousandihs of an inoh were used with thess oharges. 4 typicsl

oberge is shown in Plate III.

“  Experimente) Kesults

it seems o little valus to tabulate the messuremects mads oonoerning the
sarfaos displacwmnt of the steal plate. Thess remilts sre shown graphlosily
in figs. 11 to the The derivetion from theas reasults of both tbe velocdty
snd amplitude of the shock-wave requires discussicn, snd the waluss obtained
are given during the &tscussion in Tebls IX,

The follaring observations may be msde ou the displacement-time graphs.
The oosplicstions introduced by the fracture process msks it imposxibie to
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attach fundemenital mignificance $0 ths velocity of the suzface over the whole
Sistance, while she sigxifioance of the initial pert of the ourve is discussed
below. The sswral fsebures of $he curves., however, oan be | sed, The
urves talnn nsar the axis of the charge over the first 200 x {10°2 in, never
m.mmmc:.tgmm,anmm Aif we consider those
plotted over the Tirst 25 x 1077 in., then & disombinuity is detected in
sevoral ceses. The ocurves srs sither iipesr o show a alight deceleration
over the region 25 ¢o 200 x 10™J in., the lattsr alternasive being most
spparent whan the charpe lengsh is swell. For » given oharge disawter, the
slgpes of the curves besooms grester with deoreasing plate tiickneas and

lengsth; but in the latter oase they tend t0 a maximum valus, egqual
o the inttial slops, so that the effect of length is mzall after the ratio
of oharges length So diamstsr beoamss aprroximately $wo. In gensral, the
slopes do not zosle; far example, & 1 in, long by 1 in, dismeter obarge
againat & 1 in, plate rosults in a much amaller velooity than does a 2 in.
long by 2 in, dimmeter charge against a 2 in. plate.

In cuxr experiments invalving three conventric rings of probes, we were
ables to obtain sam data conosraning the wvariation of surface velocity with
redial distance from the ocemtre of the plates, The three distanoces chosen
ware 0,25, 0.75 and 1.25 in.,, and in describing the results it will be
omvenisnt $o oall the sets of pointa, oorresponding to thess distanoes, 4,
B and O, respentivaly, The results sre shown graphioally in figs. 15 to 17.

Only coe result wes cbtained for a 1 in. plate, and that with a charge
2 ins, long. The displacement-sime ourves show shas the points & and O move
with the seme linesr voloality over ths first 0.2 in. After this the vslocdty
of A remxins omatent up to O.,h in., Dut ths velooity of C decresses slightly.
& &ifferanoe in velooity of ooe point on the suface relative to another
indioates » obunge in the owrwvesure of the plate surfaos with time. This
sffect is indepsndent of she alight surface ourvature producsd by the non-
planarify of $he shook-wave; ourvature of this type is shown by tbe

¢ of the auves along the time axis. The msssurements scoord

with the faot that the final sosb is almost flat over the regiom of the probes.

The ourves for the 2 in. plates indicate that for each chargs length the
velocities of 4, B and 0 are constant and equal over ut lesst the first
0,05 in., salthough their megmitudes depend oo the oherge lsngth. Hence the
plats surfeoe, over the srea of msasursssnt, moves through 0.05 in. without
ohangs of ourveturs. Subsequantly tbe velooities decrease, the change being
greatest for points 0.  The results for the &4 in. long chargs (fig. 160) show
that the aurfacs Dyoams inoreasingly orved over the distances 0,05 to 0.4 in.
On the other bend, the &ifference in welocity botwsen points A and O, for an
8 in, long obarge (fig. 224), 4s only mall, so that the rate of increase of
owrvature is also omparatively msell.

The veloudties of points &, B and C in the osse of the 3 in. plates are,
for sach length, lineer and squal over the first O.O25 in. As lefore, the
veloodties Shan dsarease, altbough for both the 2 in. snd 8 in. long oharges
the decresass for paints A is guite small. Points G, however, underjo an
aptrecishle &rop in veloaity, followed by en incresse, »o thas afier 0.06 in.
their velooity is again about equal to tbet of A. The offeot is cbserved in
both cases (figs. 178 snd 1),

In pressuting the msssuremsnts made cao the damage to tbe plate, we have
sabulated in Teble YIX the followirg dimensionsi~ the dlameter of the hole
lefs Dy tbs sosb, the thicknsss of the sceb at the edge, the thiockness of
the soab at the osntre, and tho depth of She crater formed st the explosive-
steel interfsos, for ssob oombinesion of obarge snd plate, The first tieee
Muummwummmam-.mu.m
where more than oos exampls of axy pertioular chargs-plate combination bes
been chiained, the waluss given are & ssen for thoxs exsaples. The error
ssncaisted with the sosb thiokness msesurements ers in sll asses t 0.05 om.
and in the cemter depib about & 0,02 am., while the sceb dismster is liabls
$0 en sryor of 2 0.1 an
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2sble VII

Plate Cherge | Charge b o | Dismeter | Talokosas ckusss
Thiokness | Disseter | Length n;::m Bonb‘ of Sosb of Soab
(ins.) (ina,) | (dna) | (ome.) ( mm') ‘z mm") "'(::f”!
% 0.26 - 0,22 0,27
1.5 0.A0 b2 0.26 0.36
1 F] Oule3 %Y 4 0.27 Q.38
3 Ouh8 b 0. 0 0,40
N Ou bt 4.1 0.25 0.35
s 1.5 0.54 7.2 0.25 o.60 |
d 1400 7.0 0.2% 1. 04 |
2 3 1.10 7.0 0.26 0.90
“ 1011 700 ' - 1.(B ’
T
1 10,9 0. 30 -
3 { 2 - 10.6 0.26 -
1S 10,7 0. 28 -
1.5 0,64 8.0 0. 52 0.65
2 2 0.67 1.3 0.52 0.62
L 3 0.82 7.8 Oe 53 0.47
. & .92 7.8 0. 54 0. 45
1 0.66 14.3 0. 48 1.2
2 3 1.00 13.0 Q.56 1.2
b 155 11.9 0. 51 1.5
3 1.58 12.5 O, 7% 1.7
2 1.07 13.1 Q.68 0.90
5 2 3 { 8 1.50 11.5 0.80 0,80

For esach cese we bave shown dlagrssmatiocally in figs, 18 to 23 a oross~
se0tion through the plate taien slang & obmrge dismeter, in order to
illustrete the main festures of the demage pattern cbtained in the steel.

It will be couvendent bere S0 mumearise these foatures.

(1) The Orater

The depth of the arster at any point msy be oonaidered as a meamme
of the total impulss applied to the plate at that point, A consideration
of Table VII shosas that the orater depth, whioh bas in all cases been
seasured on the oharge axis, tends, for s given charge dimmeter, to a
limiting valus, whioh is reached when the oharge length to diameter
retic benamen appreciably greater than unity. We ses also that this
limiting value is spproximmtely proportional to the ochargs diameter and
that Lt is 1lttle sffected by the plate tihdckness provided this is not
vory ssall cospared with the obarge diamster. Most of the craters are
ooniosl in shape. The only oase in whioh s direct ommperisocn oan be
mede with Rinebart's results, quoted in Teble I, shows good agreement.

(2) Dismeter of Sosb Hals

If the plete thiokness o ocherge diwaster ratic is meintsined, then
the soal dlamster is roughly proportiunal to the obarge Mamster, the
factor of proportionality being sbout 1.5, The dimvster decreases
scwesbet with deorsesing plate thicikness far & given oharge diameter
tut appears in all osses to be independsnt of oherge length, Tha
varistion of the retio of the dlsumtar of the sosb bole o tho dismeter
of the charge is Leliewved to De dus to twou csusest firstly, the
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latarsl expansdon of the shook-wavs in the steel and, secondly, the
oxtension of the primary sosbbing fraoture due fo ths momentum of the
sowb after this frasoture.

() Zhe Boeb Thickness

This antity is of partiounlar intexrest as it osn give sn indiostion
of the sbape of the stress-weve propagated through the plate, It is
nosiosable that the thdokness ' the edge is spproaximatsly oonstant for
¢ given plate tidoknesa, regardinas of the obarge used, and that it is
roughly propartionml so she plate sthiokness, Purther, provided the
ohargs diameter dows not exossd the plate thiockness, the sosdb thicknens
is roughly uniform over the mowd area. On tbe other band, whon the
ocbarge dimmwter is greater than the plase thickoass, the sosb s by no
moans of uniform tidckness and is muoh thioker st the oentre. The
thdokness at the ocentre is dependent on both ohergs length and dlamater
and thore i3 somo indiocetion that it rescbes a meximmzn valus a% oonstant
daneter when ths ratio of obharge longth to dimmster beowmes greater
than unisy.

In sddition to the main soabbing surface, othar fracture surfsces
are often developed in the plats. In pertiouler it was notioed in the
3 in. plates that fracoturss parsllel to the main sosbbing surface are
evident and sre partioularly well developed with the langer oharge.

In genersl the fraciure surfaces are oosrsely arystsllins in
appearance for tho meterisl out from bar. In the few cases where the
steel wes out from 1 in. plate, the fracture surfaces are not orystalline
in appearance and seesm to fallow dsfinite planes in the material., The
edges of the sosbs are of tho same appearsnos as the soabbing surfaoe,
suggessing that they are the result of tensile breaks; this may be
ocnpared with the edges of soabs obtsined from armour plate, whiob are
typical, in appesrsnos, of sbearing fraoctures. In a fow cases s well
Asfined surfsos of finely orystallins appesrance coours in the oentre of
the soabbing surfsos sres. This is so only for the larger charyea,
and i% is posaible that the fracture hers cocurs in a sevorely ‘oold worked'
region.

S5 Discussion of Results

It bes been shown sbove that when s plece of mild stesl is mubjected to
¢ transient stross wave the smplitude of which is mach greater than the
dynemic yield stresa (Ip), two disoantinuities are propagated into the steel,
The first of thezé bes an emplitude equal Yo the dynamic yleld stress and
188 velooity is equel %o the olsatio wave velosity (Ve). This is fallowsd
by a ssomnd wave whichb is steep fronted, of smplituds which cmntimally
iminisbes with distence travelled, end hes & velocity which is less than Ve
snd i3 & funotion of the mmplitude,

It is now necessery o consider what bappens when & stress wave of this
Xind reaches s free surfaos, ss in o experiments., PFor & plame disomtimuity
of finite comressive stress approsohing s free surface noarmally, she
oandition of sexro presmre st the surface requires that She oampressive
stress sbould be reflectsd normslly es o tension of egual magnitude and thus
result in a doubling of the perticle velocity in the region through whioh the
tensian bes trsvelled. Provided that the oompressive stress is mintained
in emplitude, the surfuos will move out with s oconatant velocity squal S0 -
twioes tbe pertiocle welocity ssscatated with the same stross wave before
reflection (19). Applying the srgument to our partiocular case in whioh a
At soomtimdty of maintained smplituds equal to Xp is fallowsd by a seoond
Meocutinuity of much grester smplitude p, whioh it i{s assumsd 1s maintained,
1% i seen that tbe surfsce will first move with s veloaity determined by
Tp and mbsegwntly changs its veloaity abruptly to one determined by p.
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Thds is shows grephioslly in fig. 2k, in which surface dlsplacement is plotted
sgxinst time; the diapleomment sero is teioen 43 the indtial position of the
sirfaos and the time gero is arbitrwry.

The time interwal &g - g represeuts the tiams betwesn the arrival of the
oo disomtinuities at the surfsce and dspends upon the dissanoe travelled
through the plate. The slopes Vyg and Vg, representing the surface
welooity dus to refledtion of the elastio wave and shook wave respeotively,
are given by

Vig=2g
Vg = 2 ug

ug and ug are the partiale velooities associated with the elastioc wave
he shock wave., It has boen ssan that, in gereral sorcss a disoontinuity,

P pgu
80 that wo may write

Y =2 1p
Y]

Vpg = 2
i
where in the ssoond eguation wa have neglected any effect due to the elastic
wave.

It will now be convermisnt to take an explicit exasgple. Let a singls
plane &scontinuity of finite compressive and msinteined atress p (where p
»Ip) be indtiated at tine t » 0, at o distance d from a fres surfaoe so that
it propagates normally towards it.  The discontinuity will be divided into
two parts, being the elastic snd shock waves. as we bave seen, Using the
following data, inwhich the choloe of U and p is diotated by expsrimental
resulss

Vg = 6000 m./s00.
Tp = 1010 aynes/am.?

U = n./sec,

p =10 dym./a..a
b = 7.83 8’/“‘}

ﬁ = 5;& s,

it is found that:~

tg = 8.3) microssoomds
tg = 10.00 miorossconds
Vog = 4.5 »/se0,
Yoy = 512 ./ s00.

The dsplacement of the surface et tims tg is thus 8 = 6.4 x 1073 oms.,
apd in genersl S is &irectly proportionel to 4, We have throughout
neglected the effect of the elastic weve on the shook weve and oonsider any
srror 80 introduosd to be pegligible, I follows from these oonsiderations
that given 4 and knowing the whols displscemers-tims ourve relative %o
% » O, o may onloulate Vg, U, Yp and p. On the other band, if we bave
m.mmrtuwmwaymw«tm.m”m
directly deteruine the value U from our greph. %o may, bowever, from
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sssumed valuss of Vg and Tp, omstruct the ‘elastioc part' of the graph and
thenos by extrapolation of thw *shook wave part' we csn celoulats U.
Fuxthexmors, sven though the values of ¥y and Yp may be scmewhat unoertain,
the erroe introduced into the time co-xdirate of the intersection of the
two perte of the curve (%) is considersbly smaller. We have taken as an
sxample the valuss

¥s = 6000 m./mec; AV « £ 100 m./asc.
Yp = 1010 Qynsn/aa.2; 8Yp = ¢ 0.4 x 1010 aynes/om.2
therefors Vpg » 42.5 m./mec; A¥pg = £ 18 m./se0.

and thenoe bave shown graphicslly that
Qia = 2 0,06 u8.

In general, it follows that U will not be in error by mora than O,§% from
thia osuse,

The aystes 30 far dealt with is an ideslised oos. In ocur sxperiments we
heve detonated a obarges of explosive of finite dimansions against a steel
plate also of finite dmensions. We have recorded what we conaider to bs the
arrival of the detonation wave at the plate murfaoe, ir the oentre of the
oharge, and referrad so this zero of time we have reocrded the axrival of the
furtter plate surface st points of predstermined distance from i%s indtial
position and somawhet displsced from the cbarge axis. We do not doubt thet
the lateral dimensions of the plates in all our experiments are effectively
infinite. The length of the obarge introduces s non-plsnarity into the
detormiion wave and therefove slso into the atress wave through the plate.
As a result the arfsos of the plais moves first on the axis of the charge and
subsequently at distances fras this axis. We corvect for this effect by
datermining grephicelly the differsnce between the times of arriwval of the
shook wave st the surface, on the axia and at distances 3 mms. and 6 mas. fram
it. These distances oorrospond to the radisl aisplacements st whioch we
moasured the surfaos veloaity in two sets of experimsmis. The caloulstion
is made for sach charge and plate oombination, ssmmxing values of the
dstonation velocity Vp = 7800 m./sec. and shook-wave U = 5000 m./sec., and
using Buygen's omstruotisn for the wave propagations. The time difference
is then subtreoted from wir experimentally determined tims of arrival of the
shook wave at thy plste mufsce, to give the trus time of traverse through
the plate. The oorrection is smell and in moss ceses less than 0,03 miaro~
ssconds., We beliavs that sny non-plamsrity of thes wave will not sufficiently
affsot the elsatioc wave weloaity to introduce any appreciabls errar into our
omibod of shook-wave welocity celoulation.

2he good sgresment found bestween the theoretiocal and experimental times
of arrival of the detonation wave at distances displsoed fram the oharge axis
is good evidence that the time zero is recardsd oarreotly. Table VIII shows
the timme of arrivel of tbs dstonation wave at distances, 4, from the axis of
s qlinder of explosive ¢ ins. long sod 3 ins, dlamster, detomted osntrally
at oow endl,

Zable IXI
Tine ntal Fime (Shecretl
,‘ (1na.) (mg:;n )] { 1::) osl) |
o o ' 0
Wy . T Ce b3 Oulihy
1.28 1.19 1.47

We conolude that ery esrror in ths Lims #8720 is &us to the rwoording
tecnique and ix sbout 2 0.0t miorossconds.

A5




Our seihod of shook nawve veloocity Jdeterminssion depends upon an

axtrapalation of the surfsce displscement, due to ahook-wave refleotion, back

— to the time t;gcrnm to & displacement in tha two-inch plste case of
about 6.4 x 1072 ames.  Even in those owses whers we bave mossured the
displaoement time et 5 x 10”3 in. intervals, in order to make the extrapo-

‘ lastion we must be sble to asmmme that ths curve is approximetely linsar over

{» the first three or four poinks, if we are to obtain ressonable socursay in
our result. This is perticularly true in view of the substantial srror
assooisted with the displecenent measuroment. In gensrel the inaccuraay in
the lovetion of the probes ussd must be at least X 0.5 x 1077 in., and using
this valus we have estimsted graphicelly that the error in determining a time
co~crdinete by linesr extrepocistion is about 0.0} microsecoonds.

In order to deteraine how fur the ourve is likely to be linsasr, that is,
how long the weximus stress in the shook wave will be meinteinad, we oust
omnsider the phenasenon of scabbing. This bas been disoussed above. The
point of importsnos is that in the time talmn for the shock-wave to travel
twioe the thickness of the saosb, the pressure must have fallen by an amount
spial to the tensile atrongth of the material; the steatement neglects
sttenustion of the shook fromt at the surfsoe but remeins approxismetely true.
Por plates 2 ins. thiok we have never observed s value of soed thickrwss loss
then 0.40 oms., ard using this valus wu find that the time taken to full by
sbout 1010 dynes/an.2, wiioh is an approximete vslus of the dynamic tensile
strength given by Rinshart (§) 1 is sbout 0.7 miorossoonds. Assuning a
stress st the weve front of 10'! dymes/an.2, we conclude that in thia oase
the stroas falls from 10'! $0 0.9 x 10! dynes/am.2 in 0,7 mioroseoonds, the
corresponding fsoe velositiaes being 500 and 4,50 m./sesc. regpectively. 1In
tids time the surface will have been displeced by 12 x 105 in. Ve may
sxpoot then that the displscement ourve will be approximately limwar over at
lewunt this distanoe, «nd e linmsr extrapolation over this distanoce is
Justified. Subssgusnt behaviour is campliocated by the frsocture proocess, «nd
ws are unsble to darive the axpsotod surfeos behaviour ut later times. The
ounsiderations given, however, Jjustify owr exirapoleting frow wsasurements
ssde st 5 x 107 in. intervals over the first 25 x 10-J in, On the othor
hand, if our Pirst measurssent is mede at 25 x 1072 in., ws bevs no
Justifiostion for extrapolation unleas we have deterained empirioally the
shape of the curve over the first 25 x 10~ ip; even then our extrspalation
is lisbls to0 oonsiderable srrar.

In addition to the sxpsrimental errors alrsady disoussed, we hsve an
unosrtainty in the sbsclute wvalue of the displacement. The probes then-
sslves are placed st intorvals which we heve atated as subjeot to an mrror
of £ 0,5 x 10”7 in., but owing to the msthod of support, there is a
probebility thet the whole probe aystem may bs moved relative to the plate
srface sfter satting up the experiment. Thia is likely to introduce an
error of £ 1 2 10”5 in. in the absolute displacement value, with a resultant
srrae of & 0,05 miorossconds in the time determinstion.

Pros our experimental remulis we beve selootsd thoes omses fur whiob
w deen Justified a linear extrapolation of the displscement ourves, snd for
these censs we bave made tho ooryections indioceted and determined shook wave
velooities by the method dwsoribed. We oonsider thot our overall

sl srror will be about £ 0.08 microssconds, corvesponding $0 &n

srror of £ 80 m./eec., T A0 m./ses. and T 30 m./sec., for determinstions
over 1 in., 2 ins. and 3 ins. reapectively. The valuss we obtain are showm
in Table IX. OF these wvalues the nine starred ones ware obtained from
ourves messured over 5 x 1075 in. intervels and sre tbe mcot relisble. The
inisial fuoe walooities over the linsar part and the oorresponding stresses
a8 oaloulsted from She equetion

20 = poVpg U
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using the theoretiosl values of U obtained from our plotted U(p) ourvs, are
alsc given in the tebls. The errors associated with these values are of the
ordsr = 6. The obarge and pists combinstions with whioh our values ere
sscouisted are shom with spproximste dmsnsiors only.

Takls
Obarge | Cbergs | Flate
langth | Pamatsr | Totokmese | (/i) | mmeo.) | (armn/em’? x 100
8 3 3 4380 % 425 19
2 3 3 4860 260 be?
8 3 2 | 5040 X 59 i,
3 3 2 5030 % 592 11.4
2 3 1 4390 514 9.6
3 2 2 L9550 % 645 12.3
2 2 _ 4970 % 5k5 10.3
1.5 * 2 2 4690 X 268 &9
I 2 1 5020 630 12.0
N 2 1 4960 615 1.7
3 2 1 4930 6% 12.7
2 2z 1 5010 % 630 12,0
3 1 0.3 - 900 17.6
3 2 0.2 - 1180 23.6
3 1 1 5790 % 422 7.9
3 1 1 4790 & M5 8.3

Conad daration of the starred values giveh sbows that in six csses the
shook-save velooitiea lie butweon the values 49550 and 5040 m./sec. and do
oot deviate from a4 mean value of 5000 m./sec. by signifioently more than the
antiocipated experimsntal error. It is noteworthy that &in those ceass the
strese values lis within the rangs 10,3 « 12.3 x 1010 ymes/om.< exospt in
the aoe cass of & J in. plate., Of the remsining values two, deSermdned
under the ssms oanditioms, hays a walus & 790 m./seo. with associated
presmures of 7.9 and 8.3 x 1010 dynea/om. 4, whils the thdrd with a value
A630 m./nec. oxTespands to & pressure of 4.9 x 1070 dmen/om.l.  This
indioates that the ahock-wave velocity decrssses with preassure, as is
theoretically sxpecoted, and hence cur msasured shook-weve mlocities repressnt
& ssan value of the sotusl welocdity over the distanoe msasured.

We may ooupare the oases of atiack of 1 in. and 2 in. plates by chaiges
2in long and 2 in. Memeter. We will sssume that conditions, spert from
the plate Adiockmess, are idunticsl in the two ceses. V¥We xnow then that the
stress falls ly ooly a small smount, nessly, from 12.0 to 10.3 x 1010 dynes/om2,
over the inoh of sravel, and may taxe it to bave & msan valus of
1.1 x 100 Qoe/om.2 over that distancs. If wo assme thet the mean
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velouisies do not wignificantly &iffer from 5000 m./sec. over both she 1 in,
and 2 in. distences, we oomolnde that the shock-weve veloodty as 11.1 x 1010
&ross/om.? is not significantly different from 5000 m./s0c. On the other
bapd, if we scospt cur given wyalues sxactly, we fiod thet the veloaity at thias
sivess is 40 u./sec., Applying the latter method in a similar way to the
osses of stteck of 2 in. and 3 in. plates by ocberges 8 ins. long end 3
dlmmeter, ve find that the sbook weve velocity at & mean valus of 9.6 x 10'0
dynes/ca.2 is 4370 m./sec. Ve oconsider thess valuss to be Just signifiocsntly
greater then the oarresponding thecretiosl ones of 4850 mu/ssc. and ANO
m./aec, respectively.

We pay note slsoc that the sxperimentsl veloolty of 47950 m./ssc. corresponds
$0 & pressure of 8.1 x 1010 dynes/om.2, at whioh the tisarstioal velcoity is
LT & /0o, , sod th:t when the experisental veloaity is 4690 m./sec. the
pressure is 4.9 x 10! dynes/oa.2 snd theoretical veloaity 4650 m./sec. The
sxperiments in whioch obarges 3 ins. lomg and 2 ins. in diameter were fired
sgainst such thinner plates, sre inoluded in the table. Unfortunately, in
thess cases thes shock wave velocity oan not be celoulated with grsat aocoursqy
beosuse of sxperimentsl limitations, but the surface velocity oan be cotainad
and tbe pressue caloulsted as desoribed above using the thexretioal shook
wavs velooity. These are included in the table. It cen be seen that the
presaure in the shock wave falls quite rapidly in the first half inoh of travsl
snd is then falrly oonstent for sowo distance (fig. 25)., It is significent
tbat the first rapid dearease in gressure ooours in the region whioh shows
alesr svideros of severe warking. It osn also be seen why the shook wave
veloaisy seens to be not very depsndent on plate thickness sinos the wmeasured
velooity is the mesn one given by

where T is the distance iravelled.

The msasureme nis on the radial variation of aurface velocity have sbown
that in any psrtioulsr cess the initial veloocities of all points, in the
region mossured, are the samse., In these cases, thersfore, we may oonoluds
that the shool-wave amplitude ia constant over radial distanoes of at least
1.2% in, The subsequent velooity changes associated with ourvature of tihe
scab in this region ere undoubtodly a result of the processes coaurring nearer
to and st the soad edge, whers there aust be & surfaoe velocity gradient.

The freocturing of the sowd edge, and also any sxitension of the primary fraature
widoh might be involved, both require ensrgy whioh must be withdrewn from the
snergy trapped in the sceb by the primery sosbbing prooess. Hanoe the final
valocity, after it beoomes complstely detached, will be dotermined by thoase
offects s» well as by the smount of energy indtially trapped, If the amount
off work required to produos the frsotures is greater than this onergy, then
the soad will not oompletely separste from the plate, as shosn in fig. 18a.
On the okher bemd, the work required is clearly velated tc the soud oiroum-
farence, and if we ooculd Pind a way of ocoospirating into & swellsr region the
anargy supplied by the sxplosive to tbe plate, we should swoosed in producing
& maller sosd and probebly s given obwrge wosild tben be able o oass & soud
to be detached from e thicker plate. Saov kind of wave-shaping wight be

sf fective in Shis respect.

When & sosd finslly beoomes detsched from & pleds, svery point on it must
move with the ssme valooity, o that at some stage during its fomstion it
somms probable Shat poiits meer the edge will be socoslersted as the sxpenss of i
sosrgy fron She oentre part of the sceb. The bebavicur of the omrves peomlise :
%0 the O poinks of the 3 in. platea may be stiributabls to this effect, . . i

A8~



We are not awsre of any previous meesuresant of somb thickness whion
aboved thet this Quantity oan wary corsidersbly slaong Sbe scad radius
{t.e. perpsndioulsr %o the oharge axis). This is probably due %o the fact
thet moet of the provicus work on soabbing bas involved charge diameters noi
moh grester than the plate shickwss. Under thess oomditions it is true to
my that the sosd thiokness is fairly uniform. Oo ths other hand, as
fign. 18 t0 23 clesrly show, sceb Shickness is in gemrsl by no mssns unifare.

We hevs sesn that the sosb thiokness is & msamure of the initiel alope
of the ztress displasomsent ourve behind tbe shock froms., Xnowing the
amplitude st the front, we may therefors construot the first part of the
stress displscamint curve, in sny partioulsr osse, along a line through the
stes]l parsllel with the obargs aris and at & time oorresponding to the moment
of reflecsicon, By the term "first part” we mean over a distanos equel %o
twioe the soad tldokness taken slang the line. The curve so construoted will
not exmctly repressas physiosl oconditions oming to the soveral sssuptiocs
implioit in the method of drawing 1t, bus it must bave real qualitative

- significinos, Henoe it is usefi® tn oomstruot and compsre such ourves slong
a olwrzza axia for two thioknesses of plate sttacked by simdlar charges.
Pig. shovs the result of the oonstruction for the oass of the attack of
§ in, and 2 ins. pletes by oharges 2 ins. long and 2 ina. daemster, thereby
indiceting the general change in shape of s given stress wave &3 it progeeds
further into the steel., We aasmms the ssce shaped wave fromt as previoualy
for the seke of oonsistency, and using tbe values given for sireas and sosb
thickness in Tables IL and VII, we then plot the stress ourves back to s
distanos from the front equal to twioce the scab thickness. REscalling the
wark of Hill and Paok (16), ws expeot the axial pressure about 1 in., bekdnd
the detometion fromt to be, in our ocsse, sbout ons third of the psak pressure.
Our messurcasants on the shook wave would suggest by themsalves that the
initial pressure in the shook wave is of the order of 30 x 100 aymes/am.2.
This figure is in quite good sgreement with that of 23,3 z 1010 dynen/om.?
quoted by Peok, Evans and Jumes (9) and obtained fram the detonsticn
! preasire of plastioc sxplosive (16.3 x 1010 aynes/am.2). Thus the pressure
i { in, beuind the detomation front is about 5 x 1010 dynes/om.2.  Sinoe the
sonio veiooity ip $he axplosive and the shock wave veloolty amv not greatly
dffarent ve may assume, far this very qualitative treatment, that when the
sbook front hes travelled 1 in. intoc the steal plate, the pressure at the
interface will bave fallen to abous 9 x 1010 dynes/om.2; by similar
reasaning it is found that whon the shook weve has travelled 2 ins. into the
stesl e the presmirv st the interfasce will have dropped to sbout
2 x 100 dymes/on.2. Using these values spproximste stross-time ourves he're
been aketobed in fig. 26. The third ourve in fig. 26 was obtainsd for »
oharge 3 ins. &ameter and 2 ins, long sgainst a plate } ins. thiok. Tha
results are not directly oampsrsble but give an indicstion of the ohange in
sbape of the strssa-time owrve.

It has been pointed out above that unloading will take plsoe in the
stesl plate in & direction at right sngles to the direotion of propagstion of
the shook wave. UOlearly, the unlosding effect will increass ss the ratio uof
cbarge dismster %0 plate thiokness decreases. At the soced edge it is
resscrsble $0 ssmme thet unlosding effects are almost indspendent of this
last rekic end are indspendent also of the oharge lengtb. We find, in fact,
that the somb thickiess at the sdge is almost constant for & given plate
thickosss. The results also imply that the slope, behind the shook front
st the soub edge, dscresses with inoressing distanoe trevelled. Purther, we
«xpect the sosd tikickness at the centre to be dapsudent both on the charge
amster to pless thickness retio and on the obarge length up to the valus for
which it Decames sffectivaly irnfimite. Our results conf.;m these expectelions,
and 4% is interesting tc note thet when these two velues tend to the st nimus
reguired for szy scebbing at all, so that unlosding effects due to both the
£inite length <f the charge snd the lateral unloading in tbe plate bdecoms &
sazisam, theu the sosd thiockness 2t the centre tends to a minimus value squal
%o the thiokrens at the edge. This typs of unlosding in whioh the unlosding
wave soves faster then, and 50 atteruates, the shook froot, is to be
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ntrasted with the unloading of the detonation wave in whioh the unloading

JUETEER

wve travels with s velooity determined by the sonic velooity in the
stonation products acoording to the Chapman-Jouget condition and which is
?t greater than the detonation velooity.

We have negleoted any effect due to reflection of the elastio pari of
@ wave front. Sinoe its amplituds is maintained it must alter the
jrensesn behind the front all by the same amount and will not therefore alter '
»w plope of the curv~, so that our previous conclusions hold good. Further,
riag to its small amplituds, it seems unlikely that the reflection of the
.a8tio front alone could sver lead to the formation of a fracture surfaoe.

Finally, we may say something about the other fractures observed in the
ate, We have to remember that the total variation with time of the
ress-pattern in the plate is campliocated not only by the primary reflection

the free surface but also by both the fraoture process and subseguent
ltiple reflections fram the plate boundaries. On the other hand, the rate
, 8ttenuation of the shock wave is probably sufficient to make any reflection
the tension wave fran the explosive steel interfaoe of little effect on
8 fracture pattern. The most important effect will probably be at the
1tial fraoture surface, since in many cases the material behind this surface
11 still be highly strasssed after the moment of fracture. The fraoture
0oeas itself will undoubtedly contribute to thé relief of this stresa, but
18 1liksly that reflection of the first type will ocour at the new surfaoce
id further scabbing surfaces be obtained, Such an effect would explain the
cond scabbing surface, which is particularly evident in fig. 23b and
wveloped to sane extent in other cases; it would also account for the loss
layers of metal not associated with the main scab, particularly notioed
. the osntre of the scab regiom.

The 1 in, plates attacked by oharges J in. diameter are exoeptional in
ving a hole punched right through. The edge of thia hole appears to be
8 result of a shearing fracture, and the complications introduced by this
fect might be the cause of the socabbing surfaoes which are observed in

‘®B@ 0g588. 1n every other case fracture surfaces are not observed within

@ primery scab, and a ccnsideration of the scabbing mechanism shows that
ioh a fracture cannot be expected. If, as is probable in these
loepticnal cases, the conditions for acabb:.ng have not been attained by
1a time the reflected tension wave has reached the explosive ateel
werfa®, then this wave will be strongly reflected as a compression wave
13 can subsequently cause scabbing at the cother surfsos., Under these
troupstanves the nature of the scab will be different from that where
rabbing 13 a direct result of the first stress reflection.

The above discussion presents little more than qualitative views, but -
. agreement with available theoretical data on stresses and shock waves
prinngly good and does suggest that a more thorough and detailed
i 3y might produce soms very useful information about the equation of state

} 01153 and the conditions within the detonation wave.

!
¥

The general. scab oharaoteristics are generally in agreement with the
ad thwories of shock wave propagation; they agree very roughly with

’ ,o?t of the @mpirical rules that have been suggested. It is clear that

tioal ratio of cherge diameter to plate thickness for scabbing is

1;, 5 jateral unloading in the plate, but it is diffiocult to see how this

2 ;‘ prevented. In same cases lateral fractures are present without
ﬂ acab having been fully detached; this is because the scab energy has
n aanpletely expendsd in fracturing stesl before the sczb is finally

‘:‘r.tad. Clearly, the energy required to separate the scab depends on

1y sosb oiroumferenoe, and it would seew theresfore that a given ohargo

1d be able to soadb a greater thickness of steel if the energy could be
centrated into a smaller aresa 3o as to produce a smller scab. Sane
aasing of the detonstion wave might help to achieve this., It must,
awer, b¢ remembered that the price of using a wave-shaper is that the

« of the explosive in contact with the plate will be of lower power than
t mow used, and also that it may be very difficult to make s wave-

pax function satisfaotorily in the sguash-head projectile.
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6. Qonclusions

(1) The average velocity of the shook wave produced by plastio sxplosive
dstonated in contact with mild steel plate 1 to 3 ins. thick is very olose to
5000 m./sec. and only slightly dependent on plate thickness. The velocity
is, however, probebly greater in the first 1/4-1/2 in. of travel. The
velocities obtained are in good agrsement with those calculsted fram the
Rankine-Hugoniot equations together with an equation of astete for steel.

(2) Displacement-time curves of the plate surfece up to about 0.4 ins.
have been obtgined for plates sttacked by a wide range of charge sizes. Most
of the curves are continuous excepti near to the plate, where there is evidenoce
of the wave of elastic deformation. With long charges most of the curves have
constant slope, but as the charge length decreases the slope .tendas to decrease
with displacement. The fece velocity increases with charge length up to a
length-diameter ratio of 2 and decreases with plate thiokness.

(3) The particle velocity and shock wave stress calculated from the
surface velocity are in reasonsble agreeament with theary and give a qualitative
picture of the shape of the stress-time ourve in the ateel., The streas
decreases rapidly in the first 1/4~1/2 in. of metal, is then fairly constant
for about 1-2 ins., and finally decreases fairly rapidly to below the yield
stress.

(4) The scab diameter is approximately 1.5 times the oharge diameter but
does tend to increase with plate thickness.

(5) The thickness of the scab at the edge is constant for a given plate
thickness and roughly proportional to plate thiokneas. The thickness of the
scab at the osntre is dependent on the ratio of plate thickness to charge
dismeter; if the ratio is unity the scab thickness is mare « less unifcarnm,
but with thinner plates the scab is much thicker in the centre. The
variations in scab thickness agree with a simple qualitative theory of shock
wave interaection assuming changes in the stress-time ourves caussd by lateral
unloading waves.

(6) The limiting thiockness of plate that can be scabbed by a given
charge is governed by lateral unloading. Many oharges give a lateral
soabbing fracture but the scab ocontains insufficient energy to detach itself
from the plate., The only obvious method of inoreasing the efficiency of
scabbing is to concentrate the same amount of energy into a smeller scab by
modification of the detonatiom wave shape. It would be worthwhile to
investigate the effect of wave-zhaping, although it is doubtful whether this
could be incorporated in a squash-head weapon in its present form.
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HYPOTHETICAL DISPLACEMENT TIME CURVE
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FIG.25
PRESSURE — DISPLACEMENT CURVES AT

THREE DIFFERENT TIMES.
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releasable to the public.
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Records Act, 1958, and the Public Records Act, 1967.
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available to the public when they are 30 years old. This is commonly referred
to as the 30 year rule and was established by the Public Records Act of
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